Contrasting evidence has accumulated regarding the role of acid invertase and sucrose synthase in tomato fruit sink establishment and maintenance. In this work the relationships among the activities of sucrose synthase and acid invertase, Lycopersicon esculentum Mil1 cv UC-82B fruit growth, and starch accumulation were analyzed i n fruit at O to 39 d after anthesis. Sucrose synthase, but not acid invertase, was found to be positively correlated with tomato fruit relative growth rate and with starch content in the pericarp tissue. A similar association between sucrose synthase activity and starch accumulation was also evident in the basal portion of the stem. Heat-shock treatments, which inhibited the increase in sucrose synthase activity at the beginning of the light period and had no effect on acid invertase activity, were used to examine the importance ui sucrose synthase i n relation to sucrose metabolism and starch synthesis. After the heat-shock treatment, concomitantly with the suppressed sucrose synthase activity relative to the controls, there was a reduction in sucrose cleavage and starch accumulation. These data substantiate the conclusion that, during the early phases of tomato fruit development, sucrose synthase rather than acid invertase is the dominant enzyme i n metabolizing imported sucrose, which i n turn plays a part in regulating the import of sucrose into the fruit.
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Developing tomato (Lycopersicon esculentum) fruit are very strong sinks for carbohydrate. The cumulative growth pattern (fresh weight or volume) of a tomato fruit is sigmoidal and can be divided into three phases (Ho and Hewitt, 1986) . After an initial slow-growing period from approximately O to 10 DAA (phase l), a tomato fruit accumulates most of its dry matter from 10 to 40 DAA (phase 2). This is followed by a maturation period (phase 3) when the fruit ceases importing carbohydrate. Sucrose is the major photoassimilate transported from photosynthetic leaves to developing fruit, where it is converted into hexose (Walker and Ho, 1977) . Walker et al. (1978) reported that the rate of sucrose import is regulated by the sucrose concentration gradient between leaves and fruit and that there is an inverse relationship between import rates and sucrose levels in the fruit. Therefore, enzymes responsible for metabolizing sucrose may regulate sucrose import into the fruit. High activities of sucrose-metabolizing enzymes, such as acid invertase (EC 3.2.1.26), which hydrolyzes sucrose into fructose and glucose, or sucrose synthase ' Recipient of a postdoctoral fellowship from the Ministerio de * Present address: Department de Biologia Vegetal, University de * Corresponding author; fax 1-612-624-4941.
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Valencia, Valencia, Spain. 32 1 (EC 2.4.1.13), which converts sucrose into fructose and UDPglucose, are present in tomato fruit. The activities of these two enzymes could increase the sucrose gradient and, as a consequence, increase the amount of sugar imported for metabolism and/or storage.
Both acid invertase and sucrose synthase have been implicated as playing a major role in cleaving imported sucrose, which in turn may regulate the rate of carbon import to developing tomato fruit (Walker and Ho, 1977; Johnson et al., 1988; Robinson et al., 1988; Sun et al., 1992) . Thus, the relative roles of invertase and sucrose synthase in the determination of tomato fruit sink strength and their relationship with fruit growth are still not understood.
The objectives of this work were to investigate the relative roles of sucrose synthase and acid invertase in the determination of sink strength in tomato plants and their relationship with fruit growth. Our approach was to correlate the levels of sucrose synthase and acid invertase activity in rapidly growing tomato fruit (20-39 DAA) with fruit growth, as well as with carbohydrate levels in tomato fruit. A heat-shock treatment that differentially affected sucrose synthase and acid invertase activities was used to examine the relationship between sucrose synthase or acid invertase and carbohydrate partitioning.
MATERIALS A N D METHODS

Plant Material
Seeds of tomato (Lycopersicon esculentum Mill, were germinated on moistened filter paper in Petri dishes. After radicle emergence seedlings were transplanted to 15-cm pots with a soil mixture of peat moss:soil:perlite (2:l:l). Tomato plants used in the study of the spatial relationship of starch content, sucrose synthase activity, and acid invertase activity were grown in a growth room containing a mixture of metal halide and sodium vapor lamps (sunbrella fixtures; Environmental Growth Chambers, Chagrin Falls, OH), providing a photon flux density of 800 jtE m-* s-' at the top of the plant canopy. A photoperiod of 12 h of light and 12 h of dark was used, and the plants were watered with onequarter-strength Hoagland solution daily. Plants used for the rest of the study were grown in a greenhouse and fertilized weekly with 200 ppm of commercial 20:10:20. Fruit age, measured as DAA, was determined by tagging each flower at anthesis. Fwt, is fruit fresh weight at time 1, and (t2 -tl) is the time interval between the two measurements.
Enzyme Extraction and Desalting
Tissue samples (about 2 g of fresh tissue) were cut into small pieces and homogenized (Polytron) for 1 min in extraction buffer (50 mM Hepes [pH 6.81, 10 mM MgC12, 1 mM EDTA, 10 mM ascorbate, and 2.5 mM DTT). One gram of insoluble polyvinylpolypyrrolidone and 10 mL of buffer were used for each extraction. The extract was centrifuged at 12,OOOg for 15 min. To assay enzyme activity an aliquot of the extract was desalted by a microcentrifuge desalting procedure using Sephadex G-25 columns as described by Helmerhorst and Stokes (1980) .
Enzyme Assays
lnvertase
Enzyme solution (150 pL) was incubated for 15 min at 3OoC with 100 pL of 50 mM sucrose in 300 pL of 50 mM acetate buffer, pH 5.0. The reaction was stopped by adding 0.5 mL of Nelson No. 1 reagent. The concentration of reducing sugars liberated was determined by the method of Nelson (1944) .
Sucrose Synthase
Enzyme solution (30 pL) was incubated for 15 min at 3OoC with 2 pmol of fructose and 1 pmol of UDP-glucose in 90 pL of 50 mM Hepes buffer (pH 8.5) containing 15 mM MgCI2, and the reaction was stopped by adding 120 pL of 1 N NaOH.
The concentration of sucrose was determined by the method described by Roe (1934) .
For both enzymes, the amount of enzyme solution and reaction time were previously determined to be in the linear range of the reaction.
Starch and Soluble Sugar Determination
Tissue samples (about 2 g) were cut into small pieces and homogenized (Polytron) for 1 min in 8 mL of 80% (v/v) methanol. Extracts were centrifuged at 12,OOOg for 15 min. Pellets were extracted two more times with 80% methanol, and the supernatants were pooled. The supernatant was taken to dryness (Speed-Vac) and resuspended in water. Soluble sugars in the supernatant were separated by HPLC with a PRP-1 (10 pm, Hamilton) column (100 X 10 mm). The mobile phase consisted of 0.01 M NaH2PO4 in 10% ethanol, and the flow rate was set at 2 mL/min. Fructose, glucose, and sucrose were collected in the nonretained fraction during this HPLC purification step. They were further separated and quantified by HPLC with a Spherisorb S-lO-NH, (10 pm, Chrom. Tech.) column (250 X 4.6 mm) linked to a refractive index detector (Irma Optical Works, Tokyo, Japan). The mobile phase was 78% (v/v) acetonitrile/water, and the pump was set at a flow rate of 1.0 mL/min (Hanft et al., 1986) . Quantification of sugars in samples was performed by standardization with externa1 glucose, fructose, and sucrose. Starch was extracted by incubating the pellets with 35% HC104 overnight. The glucose liberated was analyzed with the anthrone-H2S04 reagent as described by Fairbairn (1953) .
Heat-Shock Experiments
Two-month-old plants from the greenhouse, having fruit from 20 to 25 DAA, were moved to two growth chambers illuminated with a mixture of fluorescent and incandescent lamps providing a photon flux density at the top of the canopy of 600 pE m-'s-'. The plants were maintained for 2 d under a photoperiod of 12 h of light (25OC) and 12 h of dark (19°C). At 1O:OO PM, 10 h before the heat-shock treatment, [14C]sucrose (8 pCi per plant) was applied to abraded petioles of the leaves directly below the fruiting trusses. At the beginning of the light period (8:OO AM), one set of plants was heat shocked for 1 h at 43OC by raising the temperature of one growth chamber from 25 to 43OC within 10 min. After the treatment, the temperature was lowered to 25OC within 5 min. A set of plants that was used as a control was kept in a second chamber that was maintained at the original temperature.
Four fruit were sampled immediately before and at 2 and 6 h after heat shock. The control fruit were sampled at the same time intervals. Each fruit was analyzed separately. (Beckman, model LS 3801) . To measure the radioactivity in the starch fraction, pellets after ethanol extraction were boiled for 15 min in 8 mL of acetate buffer (50 mM, pH 5.0). After cooling, 20 mg of amyloglucosidase (from Rhyzopus mold, Sigma) was added to the solution and incubated for 1 h at 55OC. This incubation period had previously been determined to be sufficient to extract starch. Following the digestion, the samples were centrifuged at 12,OOOg for 10 min. The supernatant was then evaporated with a Speed-Vac, and radioactivity was determined with a liquid scintillation counter. Pellets, after ethanol extraction and starch extraction, were lyophilized, and radioactivity in the pellets was recovered with a Plants were arranged randomly. Linear regression analysis was used to evaluate the significance of sucrose synthase and acid invertase in fruit development and starch accumulation. Values of RGR, enzyme activity, soluble sugar, and starch of the same fruit were used in linear regression.
RESULTS
Relationship between Tomato Fruit Development and Sucrose Synthase and lnvertase Activity
Tomato fruit grew rapidly during the period of 20 to 39 DAA (Fig. 1) . Fruit fresh weight increased linearly, but the RGR decreased progressively, approaching zero at about 35 DAA. The average sucrose synthase activity in fruit 20 to 39 DAA was 2500 nmol min-' g-' fresh weight, whereas acid invertase was 750 nmol min-' g-' fresh weight. The temporal patterns of the sucrose synthase and acid invertase activities were different. Acid invertase activity remained relatively constant during this period, whereas sucrose synthase activity progressively decreased as tomato fruit became larger and older (data not shown). Consequently, sucrose synthase activity, but not that of acid invertase, was positively correlated with the fruit's RGR (Fig. 2) . 
Relationship between Carbohydrate Content in Pericarp Tissue and Sucrose Synthase and Acid lnvertase Activities
Using the two HPLC procedures to analyze soluble sugars in tomato fruit, we detected three peaks representing fructose, glucose, and sucrose. In tomato fruit 20 to 39 DAA, the main soluble sugars present in the pericarp tissue were glucose (82 f 2 pmol/g fresh weight, n = 95) and fructose (98 f 2 pmol/ g fresh weight, n = 95), whereas sucrose was near detection limits (0.303 ? 0.003 pmol/g fresh weight). Fructose levels were consistently higher than glucose levels. Linear regression analysis of fructose versus glucose in fruit 20 to 39 DAA showed that the level of fructose is 1.2-fold the level of glucose [fructose = 2.14 + 1.16 (glucose), r = 0.931. The amount of the two hexoses showed a slight increase throughout the period studied in contrast to starch content, which decreased as fruit fresh weight increased. The activity of sucrose synthase, but not that of acid invertase, paralleled starch levels in pericarp tissue of tomato fruit. Regression analysis demonstrated that sucrose synthase activity was positively correlated with starch levels with r = 0.54 (Fig.   3b ), whereas acid invertase was not positively correlated ( Y = -0.16, Fig. 3a) . A similar trend between sucrose synthase activity and starch accumulation was also observed in fruit O to 13 DAA (Fig. 4) . During this period sucrose synthase activity paralleled starch accumulation concomitantly with an increase of fructose and glucose and a decrease of sucrose. Meanwhile, acid invertase activity remained unchanged. In vegetative tissues, the primary site of starch deposition in the nonphotosynthetic parts of tomato plants occurred in the base of the stem (Table I) . A positive relationship between sucrose synthase and starch accumulation was also evident in the base of the stem (Fig. 5) . Starch content paralleled that of sucrose synthase activity, whereas invertase activity remained lower, with relatively constant levels. As rapid fruit growth began (anthesis occurred approximately 50 d after germination, and rapid fruit growth of the first group of fruit started approximately 60 d after germination), there was a sharp decrease in sucrose synthase in the base of the stem coinciding with a small decline in starch accumulation. Sixtyfive days after germination, fruit showed the highest levels of both sucrose synthase activity and starch in the plants (Table I) .
Effect of Heat-Shock Treatments on Enzyme Activity and ['4C]Sucrose Metabolism in Pericarp Tissue
To analyze the relative contribution of sucrose synthase and acid invertase to carbohydrate metabolism in developing tomato fruit, a heat-shock treatment (43OC for 1 h) that did not affect acid invertase activity was used to modify sucrose synthase activity. In separate studies we had observed that sucrose synthase activity of developing tomato fruit fluctuated in a diurnal pattern. Minimum sucrose synthase activity occurred at the beginning of the light period, followed by a gradual increase in sucrose synthase activity that peaked 6 h into the light period and then declined to the initial level.
The maximum sucrose synthase activity was 150 to 200% of the initial level. Previous experimental results showed that heat-shock treatments prevented the increase in sucrose synthase activity and eliminated the diurnal fluctuation in sucrose synthase activity (data not shown). The results from Figure 6 , a and b, confirmed our previous observations. The heat-shock treatment held sucrose synthase activity from increasing compared to that of the control groups, whereas acid invertase activity was not affected. Concomitantly with the lowered sucrose synthase activity, there was a reduced incorporation of ['4C]sucrose into the starch fraction (Fig. 6c) . Sucrose cleavage, measured as the ratio of ['4C]hexose/['4C]-sucrose, was also affected by the heat-shock treatment, showing the same pattern of variation as sucrose synthase activity (Fig. 6d) .
DISCUSSION
Sucrose metabolism in tomato fruit has a pivotal role in fruit development. It may regulate the import of carbon to the fruit, which dictates fruit growth (Walker et al., 1978) . In this study we attempted to clarify contradictory evidence regarding the relative importance of acid invertase and sucrose synthase in metabolizing sucrose delivered to the developing tomato fruit during the early development of tomato fruit (0-40 DAA).
A positive correlation was established among sucrose synthase activity, tomato fruit RGR (Fig. 2a) , and starch content in the pericarp tissue of fruit 20 to 39 DAA (Fig. 3b) . On the contrary, acid invertase was not correlated with RGR or starch levels (Figs. 2b and 3a) . The positive relationship between activity of sucrose synthase, but not that of acid invertase, and starch content was also evident in the pericarp of fruit O to 13 DAA (Fig. 4) and in the basal portion of the stem (Fig. 5) .
The rate of starch accumulation is crucial for the growth of young tomato fruit, and transient starch accumulation in fruit is directly correlated with fruit growth rate (Walker and Thornley, 1977; Hewitt et al., 1982; Ho et al., 1983) . Ho et al. (1983) demonstrated that the rate of starch accumulation is maximal at 20 DAA when it is 30% of the daily accumulated dry matter. At this time starch accounts for 20% of the total dry matter. Sun et al. (1992) reported that, using the appropriate extraction method, sucrose synthase activity was readily measured and that sucrose synthase activity per growing fruit was linearly related to final fruit size. Robinson et al. (1988) observed a positive correlation between the levels of sucrose synthase activity and starch content in tomato fruit of three varieties (cv 1563, cv VF 145-7879, and cv UC-82B) that differ in starch accumulation in fruit 20 to 40 DAA and in soluble sugars at ripening. In contrast to our results, Johnson et al. (1988) reported that sucrose synthase activity (20 Imo1 NADPH, min-' g-I) was detected only in fruit (cv Sonatine) approximately 23 DAA when fruit between 7 and 27 DAA were sampled.
The positive correlation between sucrose synthase activity and starch content is not very strong (Y = 0.54), suggesting that sucrose synthase is not the only critica1 enzyme in starch synthesis. Other enzymes, such as ADP-glucose pyrophosphorylase, may also regulate starch synthesis. However, sucrose synthase appears to be the predominant enzyme catalyzing the first reaction in sucrose metabolism and starch synthesis. The availability of substrates dictates the reactions catalyzed by subsequent enzymes. If sucrose synthase activity became rate limiting, starch synthesis would parallel the sucrose synthase activity changes. Therefore, sucrose synthase-catalyzed sucrose breakdown may be one of the control steps in starch accumulation. The low regression coefficient between sucrose synthase activity and RGR ( r = 0.53) is expected, because RGR is affected by many factors, in addition to carbohydrate metabolism.
Results from the heat-shock experiment (Fig. 6 ) supported the importance of sucrose synthase, rather than acid invertase, as the dominant enzyme in metabolizing imported sucrose in growing tomato fruit. Although the heat-shock treatment may have pleiotropic effects, the similar patterns of sucrose synthase activity and the ['4C]hexose to ['4C]sucrose ratio after the treatment allows us to distinguish sucrose synthase from acid invertase-catalyzed sucrose cleavage (Fig.  6d) . Acid invertase did not show this pattern. It has been documented that, in wheat grain (Keeling et al., 1988) , maize kernels (Chourey and Nelson, 1976) , pea embryos ap Rees, 1986a, 1986b) , and developing potato tubers (Morre11 and ap , sucrose synthase is the enzyme responsible for the breakdown of sucrose, providing intermediates for starch and other polysaccharide synthesis. The results from the heat-shock experiments are consistent with the report that elevated temperature significantly re- duces the activity of sucrose synthase, leading to decreased starch content in developing endosperm of barley plants (Macleod and Duffus, 1988) . Acid invertase and sucrose synthase are both involved in the breakdown of sucrose. However, sucrose synthase requires half the net energy of the sucrose metabolic pathway catalyzed by invertase (Black et al., 1987) . Studies of the distribution of these two enzymes suggest that high sucrose synthase activity is present in starch and sucrose storage sinks, whereas high acid invertase activity occurs in tissues in which active cell elongation is occurring (Sung et al., 1988) . Our results partially substantiate this general pattern (Table  I) . At 65 d after germination, the major starch-accumulating organs, young tomato fruit (13 DAA) and the basal portion of the stem, had higher levels of sucrose synthase activity than that of other parts of tomato plants. The growing young fruit (13 DAA) and apical buds had the highest acid invertase activities. Tomato root is an exception to this general pattern. Among the vegetative organs of tomato plants, roots had the second highest levels of sucrose synthase activity but the lowest levels of starch. This indicates that sucrose synthase may also be involved in other processes such as cell wall synthesis and providing substrates for glycolysis.
During the early phases of development, tomato fruit are strong carbohydrate sinks (Ho and Hewitt, 1986) . Tomato fruit sink strength can be described as the product of sink size and sink activity (Warren-Wilson, 1972) . Sink size is a physical restraint that includes cell number and cell size. Sink activity (RGR) is a physiological restraint that includes multiple factors and key enzymes involved in carbohydrate utilization and storage (Ho, 1984) . Sucrose synthase appears to play a major role in tomato fruit sink establishment and maintenance by cleaving imported sucrose and providing UDP-glucose for biosynthetic reactions. The contribution of sucrose synthase is most important during the early stages of tomato fruit growth, because active starch accumulation occurs during this period (Fig. 4) . High sucrose synthase activity may lead to reduced concentrations of sucrose in pericarp cells and increased sucrose gradient from the source leaves to the fruit, resulting in greater sink strength (Walker et al., 1978) . Severa1 authors (Claussen et al., 1986; Sung et al., 1989) have suggested that the activity of sucrose synthase could be used as a biochemical marker for sink strength. Consistent with this suggestion, we observed that, at 65 d after germination, the young fruit had the highest level of sucrose synthase activity (Table I) . Presumably, they were the major sinks (Ho and Hewitt, 1986) . At the same time, the level of sucrose synthase activity in the stem base declines sharply (Fig. 5) . In contrast to sucrose synthase, the highest acid invertase activity has been associated with fruit ripening (Manning and Maw, 1975; Johnson et al., 1988; Yelle et al., 1988; Yelle et al., 1991) . Therefore, it is likely that acid invertase is a key enzyme in the processes of tomato fruit ripening.
In summary, our results indicate that, during early phases of tomato fruit development, sucrose synthase and not acid invertase seems to be the dominant enzyme in the metabolism of imported sucrose. This may be a key process in providing intermediates for starch accumulation, thus regulating the import of carbon to the fruit. However, a n irrefutable conclusion about the role and contribution of sucrose synthase in tomato fruit development is difficult to reach with the available data. Future research will use a molecular genetics approach to define the role of sucrose synthase in tomato fruit development.
